For the purpose of enhancing the heat transfer performance of cross-flow heat exchangers, extended surfaces are attached on the gas side, thus increasing the surface area and lowering the convection heat transfer resistance. Experiments have been carried out to evaluate the performance of four modules of cross flow heat exchangers. All heat exchanger modules have ten equally-spaced copper tubes in vertical alignment.A sheet of copper woven wire mesh was corrugated in the form of rectangular-shape. Then, it was press-fitted to the tube to form a wire mesh heat exchanger. One module has bare copper tubes. The other three wire mesh heat exchanger modules were manufactured with 2, 3, and 4 mm wire mesh layer-to-layer spacings for comparison purposes. Copper tubes containing hot distilled water flow of the heat exchanger modules, were subjected to external air flow forced convection heat transfer into an air duct having a 20 cm x 20 cm cross sectional inside area. The pressure drop in the air stream and the temperature of the hot water inlet and outlet were recorded. The significance of this experimental work is the use of a low cost and commercially available woven wire mesh sheet as extended heat transfer surface. A comparison was made between the results of this study and results of other enhanced cross-flow heat exchangers, obtained from open literature. Results showed an enhancement of the Nusselt number for all the wire mesh finned modules as compared to that of the bare module. Volumetric heat transfer coefficient results showed, an average increase of 113.9%, 91.5%, and 81.4% in the 3, 4, and 2 mm wire mesh heat exchangers, respectively, as compared to the bare heat exchanger module.
, compared experimentally the heat transfer and hydrodynamic performances of three different fabricated water to air heat exchangers. The three fabricated heat exchangers involved comparison of wire mesh, metal foam, as compared to the bare module performance. In this research work, a cross flow water-to-air wire mesh heat exchanger consisted of ten copper tubes, equally-spaced row, was tested under steady state conditions. Three modules having different layer-to-layer spacings of a wire mesh were tested and compared to a bare tube module. The experiments on the four heat exchanger modules were conducted for air cross flow average velocity range of 2.8 up to 14.9 m/s.
EXPERIMENTAL TEST RIG AND PROCEDURE
Four cross-flow, single-row heat exchanger modules were fabricated in this study. Three of them were wire mesh heat exchangers, and a fourth bare module was also manufactured and used as a benchmark. Each one of the four heat exchangers, was composed of ten equally-spaced copper tubes in a vertical alignment. The tube side fluid was hot distilled water which flowed inside the ten copper tubes in a parallel flow arrangement from an inlet header. The external cross-flowing shell side fluid was cool air drawn via a centrifugal blower from the ambient. All copper tubes had an identical length of 20 cm, inner and outer diameters of 8.1, and 9.5 mm respectively. The test section of each of the heat exchangers had the same dimensions as that of the air square duct cross-section of 20 cm x 20 cm. A copper alloy (containing 40% copper) woven wire mesh of continuous sheet was made corrugated in the form of rectangular shape, and then press-fitted onto the heat exchanger pipes. For wire mesh heat exchangers, the tubes were attached with the corrugated wire mesh sheet by press-fitting bonding method. Both tested bare and wire mesh heat exchanger modules in this study are illustrated in Figure 1 The woven wire mesh screens have a wire diameter of 0.15 mm with a square pore size of 0.3 mm x 0.3 mm, 57 PPi, and a porosity value of 74%. There were three values of the spacings between the layers of corrugated wire mesh of 2, 3, and 4 mm. The dimensions of the employed woven wire mesh screen is illustrated via electronic microscope in figure 2. The heat exchanger test rig is consisted of two fluid loops, one closed loop for hot distilled water circulation, and the other is an open-air tunnel loop for air flow across the heat exchanger tubes. Both water and air loops, in addition to the measuring devices used on each line are explained in detail in the following two sections.
Hot circulated distilled water closed loop
Hot distilled water was passed through the heat exchanger tubes to transfer heat to the external coolant air flow. Distilled water was heated in a stainless-steel tank via a 4-kW capacity heater. Heater's electrical power supply was controlled by an AC-voltage regulator to ensure constant inlet hot water temperature (± 0.1oC) to the heat exchanger module when varying either the air flow velocity or the water flow rate to the heat exchanger pipes. Then, the heated distilled water was pumped into the heat exchanger tubes from the water tank via a 0.75 hp, 2-phase centrifugal circulating pump (Calpeda-MXHM 204A). A by-pass line and two manually-controlled flow control valves were provided in order to control the flow rate to the heat exchanger, and the flow returned to the supply water tank. Then the water is passed through the heat exchanger tubes and from the tubes' outlet to a turbine flow meter (Gems FT-110 Series) having an uncertainty of ± 0.01 L/min, that is used to measure the flow rate. Calibrated digital temperature panels having an uncertainty value of ± 0.1oC, were used to measure the inlet and exit water temperatures. The hot distilled water closed loop is depicted in Figure 3 . 
External air flow open circuit
The heat exchanger test section was located downstream of the inlet section of an air duct at a distance about 2.3 m to ensure fully developed flow of air at inlet to the heat exchanger. Air enters the duct at room temperature via a 5.5 hp, 3-phase centrifugal blower (Y112M -4) that was located at the end of the outlet section of air duct after the heat exchanger test section (suction side). The average air velocity and thus the volume flow rate is varied using air damper that was installed at the outlet of centrifugal blower.
The air centerline velocity at the inlet to heat exchanger was measured by a hot wire anemometer (Testo-425) having an uncertainty of ± 0.01 m/s. Then the average velocity was calculated from the corresponding measured centerline velocity. The pressure drop of the air flow across each heat exchanger module was measure using a U-tube manometer having water as the manometric fluid and uncertainty value of ± 1 mm. Air inlet temperature at the centerline of air duct was measured by using a calibrated K-type thermocouple. Temperature of air at inlet to the heat exchanger was measured with a calibrated K-type thermocouple. Outlet air temperature was calculated from applying the heat balance equation on the heat exchanger between the two exchanging fluids. Corrugated wire mesh screens were attached to the one row heat exchanger modules by pressfitting. Air duct was insulated during experiments using a 5cm-thick, glass wool sheet to minimize the heat losses to the ambient. The air tunnel open circuit loop is shown in figure 4. 
Experimental procedure
Steady state forced convection heat transfer experiments were conducted for each module of the heat exchangers at different air velocities, water flow rates, and hot water inlet temperatures to each heat exchanger. The procedure of the experiments involved starting the centrifugal blower, water heater, and hot water circulating pump. Air flow rate was adjusted by varying the opening of the volume air damper installed at the exit of the centrifugal blower. At each air volume damper opening, the water inlet temperature was adjusted using the AC-voltage regulator to maintain a preset temperature value. When steady state conditions were reached, inlet and outlet air temperatures, entering and exit water temperatures, air velocity, hot water flow rate, and the pressure drop measurements were all taken. Steady state conditions were considered to be reached when the measured temperature values were varied within only ±0.1oC. All of these measurements were taken for three different water flow rates of 5, 7, and 9 L/min and also at varying inlet hot water temperatures to the heat exchanger having values of 60oC, 70oC, and 80oC. All experiments were conducted for the four heat exchanger modules at varying average air velocity range between 2.8 and 14.9 m/s.
RESULTS AND DISCUSSION

Heat transfer analysis
Steady state heat transfer tests were carried out for the four heat exchanger modules at the same experimental conditions for comparison purposes. For each of the heat exchangers the air flow velocity varied between 2.8 and 14.9 m/s. This velocity range involves broad range of turbulent flow conditions. Logarithmic mean temperature difference thermal analysis method was adopted in this research work to estimate the performance of each of the heat exchangers and by use of the heat transfer rate calculated from the hot water side by applying the energy equation (1) (3) where (F) is a correction factor related to the crossflow heat exchanger type. However, since the calculated value of correction factor, F was so close to unity in most cases of this study, it was taken as one in all thermal calculations. Also, the unit value of factor, F that relies on the heat exchanger type and inlet exit temperatures of water, was adopted in thermal analysis calculations. The total heat transfer resistance can then be determined from equation (4).
(4)
Equation (4) can be rearranged and used for the computation of the outer convective heat transfer coefficient as shown in equation (5). (5) where ɳo, overall efficiency, is considered as one, since its value is usually very close to unity as adopted in Chumpia and Hooman (Chumpia & Hooman, 2015) . The internal convection heat transfer coefficient on the water side hin could be calculated from Gnielinski formula (Gnielinski, 1976) , having an uncertainty value of 10%. The third term on the right-hand side of equation (5) is the conduction heat transfer resistance of the copper pipe wall having inner and outer diameters of 8.1 and 9.5 mm respectively. The thermal conductivity of copper used in conduction resistance calculation is taken as 380 W/m.K (Holman, 1998) , and the pipe length is 20 cm. The external convection heat transfer coefficient is calculated based on the copper tube outer surface area (Ao) which is identical for all of the heat exchanger modules. Reynold's number based on the outer pipe diameter and average air velocity, is defined as presented in equation (6) . (6) Figure 5, and figure 6 , show the variation of hot water temperature drop with average air velocity for the four heat exchanger modules. Water temperature drop increases with the increase in average air velocity (Fu et al., 2017) . This is due to the higher turbulence at greater air velocities which enhances more active convection heat transfer. It is obvious that water temperature drop in all wire mesh heat exchangers is larger than that in the bare heat exchanger. This illustrates the higher cooling effect achieved when wire mesh is attached to the heat exchangers. Figure 5 , shows the change of water temperature drop with average air velocity for the bare and wire mesh heat exchangers, all for a fixed water inlet temperature of 80 o C, but at varying hot water flow rates of 5, 7, and 9 L/min. It is observed from figure 5 , that for all of the tested heat exchangers, as the water flow rate decreases, the water temperature drop increases. This is as expected, because of the larger time of contact available between the hot and cold fluids at the lower low rates. The highest cooling effect is achieved with the 2 mm wire mesh heat exchanger due to its largest heat transfer surface area. Figure 6 shows the variation of water temperature drop with average air velocity of all heat exchangers at a fixed water flow rate of 9 L/min, but for different hot water inlet temperature values of 60o, 70o, and 80oC. It is obvious that the water temperature drop increases with the increase in inlet water temperature. This agrees well with the experimental data obtained of water heating in a wire mesh heat exchanger used for waste heat recovery that was tested in (Rezaey et al., 2014). All wire mesh heat exchangers cause temperature drop value higher than that for the bare module.
The effect of varying the average air velocity on the amount of heat transfer rate from hot water is illustrated for the four heat exchanger modules in Figure 8 -A, through Figure 8 -D. It can be shown for all heat exchanger modules that the heat transfer rate increases pursuing the increase in average air velocity (Dyga & Płaczek, 2010) . All wire mesh heat exchangers achieve higher heat transfer rates as compared to the bare hear exchanger module though the entire velocity range. In addition, it is clear that there is no a peak value for the heat transfer rate over the investigated air velocity range, which reflects that the amount of heat rate is more influenced by the air mass flow rate than the rise in temperature. Figure 8 -D, also shows that the heat transfer rate increases when increasing both the inlet water temperature and the water flow rate. However, the effect of varying the water flow rate on the amount of heat transfer rate is not significant as illustrated.
Variation of thermal total resistance of the four heat exchangers is shown in Figure 9 . It is observed that all wire mesh heat exchangers have lower thermal resistance values than that for the bare heat exchanger. Thermal resistance also decreases with the increase in air velocity for performance evaluation of the cross-flow heat exchangers investigated in (Chumpia & Hooman, 2014 , 2015 De Schampheleire et al., 2013; T'Joen et al., 2010) . It is also seen that the lower wire mesh spacing is more efficient in transferring heat. The lowest thermal resistance values are that for the 2 mm wire mesh heat exchanger. A very close thermal performance is observed among all the wire mesh heat exchangers, due to the small difference in wire mesh spacings values. Total thermal resistance of all heat exchangers constantly decreases with the increase in average air velocity. This is because the total thermal resistance if inversely proportional to the overall heat transfer coefficient which continuously increases with the increase in average air velocity, as a result of higher heat rate achieved at greater air velocities. Figure 10 shows the variation of pressure drop of air across the different heat exchanger modules with varying the average air velocity. It can be shown from figure (9) , that the pressure drop for all heat exchanger modules including the bare one, varies quadratically with air volume flow rate as depicted in (Chumpia & Hooman, 2014; Kurian et al., 2016) . All wire mesh heat exchangers exhibit larger air pressure drop than that for the bare module. Pressure drop also increases with the decrease in layer-to-layer spacing value. It was also observed, that for the 3 mm, and 4 mm spaced finned heat exchanger modules, there was a very slight difference in pressure drop values. A maximum pressure drop value was measured for the 2 mm spaced, having a value of about 598 Pa at a maximum air velocity of 10.5 m/s. 
Pressure drop performance
COMBINED PERFORMANCE
The variation of the ratio of heat transfer rate per unit pumping power with Reynold's number is depicted in Figure 11 . As expected, as the flow rate increases, the pumping power required also increases. This is in a good agreement with the experimental data obtained for the internal air flow heating through a porous inserts investigated in (Garrity, Klausner, & Mei, 2010; Venugopal, Balaji, & Venkateshan, 2010). It is obvious that at a certain flow rate, the 3 mm wire mesh heat exchanger is more effective in transferring heat than that for the other wire mesh modules for the same pumping power. The 2 mm wire mesh heat exchanger exhibits the lowest ratio values due to the higher air pressure drop associated with this module. The pumping power is calculated as depicted in equation (7),
Where, , air volume flow rate, is estimated from average air velocity as shown in equation (8). 
UNCERTAINTY ANALYSIS
The uncertainty values of the measured parameters are listed in Table 1 . The error propagation in calculated results, because of the uncertainty of measured variables was estimated using the correlations presented in Moffat (Moffat, 1988) , equation (9).
where R represents any primary measured physical parameter, and δR is its uncertainty value. Using uncertainty calculation, the resulted uncertainty values in calculated results are evaluated and presented in Table 2 . 
CONCLUSIONS
Three modules of wire mesh heat exchangers were manufactured, each having a layer-to-layer spacing value different from the others, and a fourth bare heat exchanger module was also manufactured. Steady state forced convection experiments were conducted and conclusion are obtained as following:
• Wire mesh heat exchangers are promising choises for enhancing heat transfer rate at lower cost, simpler manufacturing. • Wire mesh heat exchangers exhibit higher cooling effect in terms of water temperature drop, and heat transfer rate than that for the bare module. Water temperature drop increases with the decrease in water flow rate and at higher inlet water temperatures. Water temperature drop is around 1.75 times that in the bare heat exchanger. • Pressure drop measurements reveal that, all wire mesh heat exchanger modules have higher pressure drop values than the bare heat exchanger. A maximum pressure drop value is measured for the 2 mm spaced, having a value of about 598 Pa at a maximum air velocity of 10.5 m/s. • It was found that the 3 mm layer-to-layer spaced wire mesh heat exchanger has the highest heat transfer rate per pumping power at a specific Reynold's number among other wire mesh heat exchanger samples. 
